Abstract | Testosterone is the most abundant circulating androgen, and can be converted to dihydrotestosterone (DHT), a more potent androgen, by the 5α-reductase enzymes in target tissues. Current treatments for prostate cancer consist of reducing androgen levels by chemical or surgical castration or pure antiandrogen therapy that directly targets the androgen receptor (AR). Although these therapies reduce tumor burden and AR activity, the cancer inevitably recurs within 18-30 months. An approach targeting the androgen-AR axis at different levels could, therefore, improve the efficacy of prostate cancer therapy. Inhibition of 5α-reductase is one such approach; however, the two largest trials to investigate the use of the 5α-reductase inhibitors (5ARIs) finasteride and dutasteride in patients with prostate cancer have shown that, although the incidence of cancer was reduced by 5ARI treatment, those cancers that were detected were more aggressive than in patients treated with placebo. Thus, the best practice for using these drugs to prevent and treat prostate cancer remains unclear.
Introduction
Prostate cancer is the most frequently diagnosed cancer and the third most common cause of cancer-related deaths among men in developed countries. 1 Prostate cancerrelated deaths have declined over the past decade, owing to improved methods for early detection and diagnosis and more-effective therapeutic strategies.
Deregulation of the androgen-androgen receptor (AR) pathway is a hallmark of prostate cancer. 2, 3 Testosterone, the most abundant circulating androgen, is converted to dihydrotestosterone (DHT), which has a greater affinity for the AR than testosterone, by the 5α-reductase isoenzymes. [4] [5] [6] [7] During embryogenesis and throughout adulthood, androgens mediate the development, growth and maintenance of the male genitalia and secondary sexual characteristics. 6 In addition to their importance in normal physiology, androgens also have a key role in the genesis and progression of diseases such as benign prostatic hyperplasia (BPH) and prostate cancer. [8] [9] [10] The steroid biosynthetic pathway involves the sequential enzymatic modification of the common precursor cholesterol to generate androgens, estrogens, progestogens and corticosteroids ( Figure 1) . 11 Androgens-19-carbon compounds that form a subset within the steroid bio synthetic pathway-control development, growth and maintenance of male sexual characteristics. 6, 11 Testosterone is synthesized in the testis by the Leydig cells under the control of luteinizing hormone (LH) from the pituitary gland, internalized in prostate cells by passive diffusion, and converted to DHT by the 5α-reductase isoenzymes. The proposed mechanism of conversion of testosterone to DHT requires a reducing cofactor that will act as a hydride donor to the testosterone. For 5α-reductase, the cofactor is membrane-bound nicotinamide dinucleotide phosphate (NADPH). 5α-reductase forms a complex with NADPH that interacts with the substrate forming a ternary complex. The hydride from NADPH is transferred to carbon-5 of the aromatic ring, forming DHT. Once DHT is released, the 5α-reductase-NADP -binary complex dissociates, and the enzyme can catalyze a new reaction. 12 There are three isoforms of the 5α-reductase enzymes, encoded by different genes and with differential expression patterns. The type 1 isoform is encoded by a gene on chromo some 5 and is expressed primarily in skin and liver. 13, 14 The gene encoding type 2 5α-reductase is on chromosome 2 and is expressed predominantly in stromal and basal epithelial cells of the prostate. [13] [14] [15] Deficiency of type 2 5α-reductase, but not type 1, results in a lack of development of accessory sex organs. 16, 17 Interestingly, in prostate cancer, expression of both of these isoforms is increased, which could contribute to the enlargement of the organ. 18, 19 The type 3 5α-reductase isoenzyme is ubiquitously expressed in androgenic and non androgenic tissues, and elevated levels are found in prostate cancer cell lines. [20] [21] [22] Type 3 5α-reductase reduces poly prenols to dolichols, which have a role in N-linked protein glycosyla tion, an essential post-translational modification to target proteins for secretion or membrane localiza tion. 23 No work has been published on the function of type 3 5α-reductase in prostate cancer.
Both testosterone and DHT are natural ligands of the AR, a member of the steroid nuclear receptor superfamily. Although the association rates of androgens to the AR are similar, DHT dissociates from the AR at a much slower rate, resulting in a more stable and active DHT-AR complex. DHT is, therefore, a more potent activator of AR than its precursor, testosterone. [24] [25] [26] Indeed, animal models lacking 5α-reductase enzymes and humans with a mutation in the 5α-reductase gene (resulting in an inactive enzyme) display impaired development of male sexual organs, highlighting the importance of DHT synthesis in male physiology. 6, 27, 28 This Review will summarize the current knowledge of the role of testosterone and DHT in prostate disease and discuss the rationale for using treatments that target the synthesis of DHT in the treatment of prostate cancer. We will also bring together the data from the two largest trials of 5α-reductase inhibitors (5ARIs) in prostate cancer, and consider the future of these drugs in clinical practice.
The androgen receptor
Until it is activated by androgens, the AR is localized in the cytoplasm. After binding to testosterone or DHT, AR undergoes a conformational modification that enables it to translocate into the nucleus. [29] [30] [31] In the nucleus, AR forms homodimers and interacts with nucleotidespecific sequences on the DNA of target genes, known as androgen response elements. The AR-DNA interaction recruits the transcriptional machinery that is necessary to modulate expression of genes involved in cell proliferation, survival and death, or genes that code for secretory proteins such as PSA. This makes PSA a useful biochemical tool to determine AR activity and assess the responsiveness of prostate cancer to treatment.
32-34
The androgen receptor axis in prostate cancer The relevance of androgens in the genesis and progression of prostate cancer was first described 70 years ago by Charles Huggins and Clarence Hodges, 35 and because of their findings, clinical or surgical castration is the primary treatment for locally advanced prostate cancer. 36 These therapies target the synthesis of the most abundant circulating androgens: testosterone and DHT. Chemical inhibition of androgen synthesis with precursor homologs, either alone or in combination with surgical castration by orchiectomy and radiation, is a primary treatment for locally advanced prostate cancer. These treatments result in a reduction in circulating androgens, a decrease in PSA levels (as an indicator of AR activity), and reduced tumor burden. However, after a period of 18-30 months, the tumor recurs and the disease progresses to become castration-resistant prostate cancer (CRPC). [37] [38] [39] Although CRPC cells are resistant to the low levels of circulating androgens, basic and clinical evidence supports the paradigm that a functional AR is required for tumor growth and survival. AR functionality is achieved by several mechanisms. [40] [41] [42] In CRPC, levels of AR are elevated compared to less-advanced tumors, with amplification of the AR gene and increased synthesis of the AR protein. 43, 44 Increased levels of the AR can, therefore, maximize the effect of the low androgen levels in the cell. In addition, gain-in-function point mutations in AR have been described. These mutations enable the AR to strongly bind to natural ligands or to interact with other steroids 
Intratumoral androgenesis
Testosterone is synthesized primarily in the testis (90-95%), with the remaining 5-10% produced from dehydroepiandrosterone (DHEA) released by the adrenal glands. 5 Hormone ablation and castration therapies reduce circulating testosterone levels by up to 97%, 45, 46 but despite the low levels of circulating testosterone, intraprostatic androgen levels have been shown to be reduced by only 50% and 61% in two independent reports. [47] [48] [49] [50] In order to compensate for the low levels of circulating androgen, prostate cancer cells take advantage of the androgen precursor DHEA, which is synthesized and released by the adrenal glands in response to stimulation with ACTH ( Figure 2 ). As prostate cancer cells express the enzymes necessary to convert DHEA to testosterone and then to DHT, [51] [52] [53] CRPC cells can synthesize sufficient DHT to activate AR. [54] [55] [56] Thus, de novo androgenesis could be an important mechanism leading to, or strongly contributing to, progression to CRPC and metastasis. Targeting the enzymes 5α-reductase or CYP17, key players in the intratumoral androgenesis, with specific inhibitors such as 5ARI or abiraterone, remains an attractive concept for The resulting decrease in circulating testosterone levels results in lower intratumoral DHT levels, and, therefore, reduced AR activity and cancer cell death. d | In castration-resistant prostate cancer, DHT levels increase once again, as tumor cells express the enzymes required for DHT synthesis from adrenal DHEA. This generates a paracrine system that partially restores intratumoral DHT levels, resulting in a further wave of cancer cell proliferation and survival. Abbreviations: 3/17β-HSD, 3β-hydroxysteroid dehydrogenase and 17β-hydroxysteroid dehydrogenase; 5αR, 5α-reductase; AR, androgen receptor; DHEA, dehydroepiandrosterone; DHT, dihydrotestosterone; LHRH, luteinizing hormone-releasing hormone.
the development of therapeutics to block AR activation via intratumoral production of DHT.
Inhibition of DHT synthesis
A functional androgen-AR pathway is required for the survival of CRPC cells, so blockade of DHT biosynthesis is of particular interest as a therapeutic target. The nonspecific inhibitor ketoconazole has been shown to abolish androgen synthesis, and it was postulated to be a useful therapeutic agent. 57 However, although PSA and androgen levels initially decrease with ketoconazole therapy, the effect eventually reverses. Furthermore, ketoconazole is associated with several adverse effects such as hyponatremia, hyperkalemia, symptomatic adrenal insufficiency, hypothyroidism, lethargy and myelotoxicity. 57, 58 Abiraterone is a more specific inhibitor that irreversibly blocks the 17α-hydroxylase and C17,20-lyase enzymes. 59 ,60 67% of patients with CRPC treated with abiraterone exhibit a 50% reduction in PSA levels. 61 Adverse effects of abiraterone include hyper tension, hypokalemia and fluid retention, and are due to the build-up of precursors (such as progesterone and 17α-progesterone) that are converted to corticosteroids. [61] [62] [63] [64] Inhibition of the 5α-reductase isoenzymes for prostate cancer prevention and treatment is particularly interesting, as all of the 5α-reductase enzyme isoforms are present in prostate cancer at elevated levels, correlating with the high DHT levels detected in prostate cancer tissue. 65, 66 Furthermore, 5ARIs have already been proven to be beneficial for the treatment of BPH. [67] [68] [69] Finasteride and dutasteride are the two drugs that are currently being used in clinical practice to inhibit 5α-reductase. [70] [71] [72] Both finasteride and dutasteride act as competitive substrates, forming strong ternary complexes with the 5α-reductase-NADPH complex, and are, therefore, considered to be irreversible inhibitors of the enzyme. 12 Finasteride only inhibits 5α-reductase type 2. 5α-reductase converts finasteride to dihydrofinasteride, and, as it does not have an electron to transfer to NADP, a highly stable bisubstrate complex of dihydrofinasteride-NADP is formed with the enzyme, making it a potent inhibitor. 73, 74 However, finasteride is not a prodrug, because it does not need to be modified to block 5α-reductase. Finasteride binds the enzyme and forms a potent ternary complex (finasteride-NADP-5α-reductase). Although finasteride is modified by 5α-reductase, the modification is not required for it to bind and inhibit the enzyme. Unlike finasteride, dutasteride can inhibit both isoforms of 5α-reductase, 75, 76 and forms a ternary complex between the enzyme and NADPH, which exhibits a low dissociation constant, strongly inhibiting the enzyme. 77 Treatment of prostate cancer cell lines with either finasteride or dutasteride results in the inhibition of cellular pathways involved in cell growth and proliferation, and cellular metabolism, and an increase in the activity of proapoptotic pathways. [78] [79] [80] [81] Interestingly, gene expression profiles of cells treated with dutasteride revealed expression of unconventional AR target genes, such as CASP7, CASP8, BNIP3, CDK8 and Skp2. 79, 81 It is possible, therefore, that 5ARIs affect other transcription factors, altering signaling pathways involved in cell growth and proliferation, apoptosis, metabolism or cell adhesion. [81] [82] [83] Understanding these pathways could lead to the discovery of new therapeutic targets.
5α-reductase inhibitors in prostate cancer
The effects of finasteride and dutasteride have been intensively studied in men with BPH, who have elevated expression of 5α-reductase type 1 and type 2.
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Treatment with finasteride or dutasteride, alone or in combination with selective α1-adrenoceptor blockers such as doxazosin, terazosin or tamsulosin, resulted in a reduction in prostate volume and a decrease in urinary retention and urinary tract symptoms. 71, 72, 85 Considering that deregulation of androgen-AR pathways is a major contributor to prostate cancer progression, it is reasonable to speculate that 5ARIs would also have beneficial effects in prostate cancer.
Clinical trials

The Prostate Cancer Prevention Trial
The Prostate Cancer Prevention Trial (PCPT) 86 was the first large-scale study to investigate the role of finasteride in the context of prostate cancer development. The trial studied 18,882 men with a PSA level <3.0 ng/ml and a normal digital rectal exam (DRE). Patients were randomly assigned to receive daily doses of 5 mg finasteride or placebo. Finasteride treatment reduced the incidence of prostate cancer compared to the placebo group (18.4% versus 24.4%). 86 Although the difference seems small, the number could be underestimated, as the characteristics of prostate cancer and the technicalities of performing biopsies (which are dependent on tumor size, prostate size and the number of biopsy cores in the sample) 87, 88 mean that the probability of detecting a tumor in a small prostate is higher than in a normal-sized prostate from patients within the placebo group. Treatment with 5ARIs decreased prostate size and increased the sensitivity of PSA and DRE for cancer detection. 88 Furthermore, complications such as urinary tract infections (UTIs) were more common in the placebo group. 86 Controversially, tumors found in patients in the finasteride group were of a higher grade than the tumors from patients in the placebo group. Gleason scores between 7 and 10 were found in 6.4% of the tumors in the finasteride group, and in only 5.1% of the placebo group. This observation still cannot be fully explained, although it is in accord with evidence suggesting that tumor grade inversely correlates with low androgen levels. 89 It is also possible that finasteride has little or no effect on more aggressive tumors with high Gleason scores, and as 5ARI treatment causes the prostates of patients from this group to shrink, any tumor that is present can be detected more easily than in patients receiving placebo.
The REDUCE trial
Finasteride only inhibits the type 2 isoform of 5α-reductase, meaning that the type 1 isoform, which is also highly expressed in prostate cancer, remains active. It is, therefore, reasonable to consider that levels of DHT in the tumor could remain sufficiently high to affect the pathology of tumors in the finasteride group. The REDUCE trial was designed to study the effect of inhibiting both the type 1 and type 2 5α-reductase isoforms in a population at high risk of prostate cancer. 6, 88, 90 Unlike the PCPT, the REDUCE trial studied patients with serum PSA levels of 2.5-10 ng/ml who had a negative biopsy at least 6 months before the study. 88 Patients received either placebo or a daily dose of 0.5 mg dutasteride, with end points set at 2 and 4 years. In the first 2 years there were fewer tumors of Gleason score 5-7 in the dutasteride-treated group compared to those treated with placebo (12.9% versus 16.7%), but the number of tumors with Gleason scores 8-10 did not differ between groups. However, during years 3 and 4, tumors with Gleason score 8-10 were more common in the dutasteride-treated group than in the placebo group, with 12 cases and 1 case, respectively. It remains unclear whether the difference was due to the dutasteride treatment or the fact that, during the second year, a larger proportion of patients were removed from the control group of the study owing to detection of cancer, which could compensate for the difference in the number of more aggressive tumors observed at years 3 and 4. The REDUCE study showed an overall reduction in the number of tumors with Gleason score 5-6 in the group of patients receiving dutasteride versus placebo (19.9% compared to 25.1%, respectively). In addition, patients receiving dutasteride also benefitted from a reduction in BPH, as well as a decrease in urinary retention and incidence of UTIs.
5α-reductase in the clinic
The development of drugs that directly target the AR has proved to be useful for the treatment of prostate cancer. The use of AR antagonists or competitive agonists, such as flutamide, bicalutamide or nilutamide, shows a considerable benefit in blocking AR activity and decreasing tumor size and growth. However, these treatments can also lead to the development of CRPC. The affinity of these inhibitors for the AR is lower than that of DHT, and as intratumoral androgen synthesis increases, DHT out-competes the inhibitor, resulting in reactivation of the AR axis and progression to CRPC. It is, therefore, clear that we need to adopt multiple therapeutic approaches to target the activa tion of AR at different levels, including the use of 5ARIs to block conversion of testosterone to DHT.
The PCPT and REDUCE trials, both of which showed that finasteride and dutasteride decrease the risk of developing prostate cancer, support the importance of targeting DHT for therapeutic use. However, the additional finding of high Gleason score tumors in patients treated with 5ARIs raises some controversies regarding how these drugs should be used clinically. In that respect, other clinical trials are currently underway on the use of dutasteride in prostate cancer. The ARTS (Avodart ® After Radical Therapy for Prostate Cancer) study 91 is a phase II trial, comparing the use of 0.5 mg dutasteride versus placebo in patients with localized tumors and increasing PSA levels after either radical prostatectomy or radiotherapy. The study end point is PSA doubling after 2 years of treatment, and disease progression according to PSA levels and doubling time of ≤3 months or metastatic disease. The REDEEM (Reduction by Dutasteride of Clinical Progression Events in Expectant Management) 92 trial is evaluating the use of 0.5 mg dutasteride daily in delaying the progression of prostate cancer from a localized to a more aggressive form. The patients enrolled in the study all have low-risk and low-grade localized tumors.
Other studies involve treatment with dutasteride in combina tion with other agents. The TARP (Therapy Assessed by Rising PSA) 93 study is designed to compare the effect of dutasteride in combination with bicalutamide versus placebo and bicalutamide in patients with CRPC. Another phase II study of 57 patients with CRPC has shown that addition of dutasteride to ketoconazole or hydrocortisone induces a decrease in PSA levels and an increase in median progression-free survival. 94, 95 Although DHT is the most potent activator of AR axis, some point mutations in AR make the tumor cells more responsive to stimulation by other steroids, including testosterone. Thus, concomitant treatment with drugs such as abiraterone may have additional beneficial effects. Neither the American Urological Association (AUA) nor the American Society of Clinical Oncology (ASCO) have produced guidelines for the use of these drugs in clinical practice; and instead, they suggest discussing the risks of using 5ARIs for treatment and prevention with the patient on a case-by-case basis.
Conclusions
Inappropriate activation of the androgen-AR axis is a major factor in the progression of prostate cancer. Since the initial discovery of the androgenic pathway in the 1940s, many advances have enhanced our understanding of androgen metabolism and the role of the AR in progression of prostatic diseases, and, based on this research, effective therapeutic approaches to treat BPH and prostate cancer have been implemented.
Prostate cancer represents both a health-related and a socioeconomic problem for today's society, yet we still do not have an effective therapy that can control prostate cancer progression without the development of CRPC. This problem highlights the need for novel thera pies. The use of 5ARIs for prevention and treatment of prostate cancer was a logical step, given the positive effects of these drugs in patients with BPH. Results from the clinical trials of finasteride and dutasteride are encouraging, but the possible adverse effects are worrying, emphasizing the need to further investigate the role of androgens in the prostate and their systemic effects.
Nevertheless, 5α-reductase inhibition does seem to have beneficial effects on prostate cancer incidence, and the role of these drugs in combination with other agents should be further evaluated for the treatment of CRPC.
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